On 30 October 2004 during a strong solar proton event, layers of enhanced backscatter from altitudes between 55 and 75 km have been observed by both ESRAD (52 MHz) and the EISCAT VHF (224 MHz) radars. These echoes have earlier been termed Polar Mesosphere Winter Echoes, PMWE. After considering the morphology of the layers and their relation to observed atmospheric waves, we conclude that the radars have likely seen the same phenomenon even though the radars' scattering volumes are located about 220 km apart and that the most long-lasting layer is likely associated with wind-shear in an inertio-gravity wave. An ion-chemistry model is used to determine parameters necessary to relate wind-shear induced turbulent energy dissipation rates to radar backscatter. The model is verified by comparison with electron density profiles measured by the EISCAT VHF radar. Observed radar signal strengths are found to be 2-3 orders of magnitude stronger than the maximum which can be expected from neutral turbulence alone, assuming that previously published results relating radar signal scatter to turbulence parameters, and turbulence parameters to wind shear, are correct. The possibility remains that some additional or alternative mechanism may be involved in producing PMWE, such as layers of charged dust/smoke particles or large cluster ions.
Introduction
Polar Mesosphere Summer Echoes (PMSE), which are very strong radar returns from 80-90 km altitude, seen in the summertime at polar latitudes, have been studied intensively since their discovery more than 20 years ago (for reviews
Correspondence to: S. Kirkwood (sheila.kirkwood@irf.se) see Röttger, 1997 and Lübken, 2004) . At PMSE heights, radar backscatter is caused by electron density perturbations with scale-sizes corresponding to the radar Bragg wavelength (which is half the radar wavelength). PMSE have been detected with radars operating over a wide frequency range, from a few MHz up to almost 1 GHz, corresponding to Bragg wavelengths from a few meters to several centimetres. Neutral turbulence is common at these heights as a result of breaking gravity waves, and is expected to result in small-scale electron density fluctuations. However, it has been found that such neutral turbulence on its own cannot account for observed PMSE strengths, particularly at short wavelengths. PMSE have been shown to be associated with aerosol ice particles (Havnes et al., 2001; Hervig et al., 2001) . Such particles are formed close to the polar mesopause in summertime due to the very low temperatures occurring there (Lübken, 1997) . Aerosol particles very rapidly become negatively charged (Lie-Svednsen et al., 2003) by electron attachment and this reduces electron diffusivity. The reduced diffusivity leads to an increase in the Schmidt number (ratio of kinematic viscosity to electron diffusivity) which allows turbulent fluctuations to persist in the electron gas at shorter length-scales than would otherwise be possible (Cho et al., 1992) .
In the last 4 years many observations of enhanced echoes from the mesosphere in the wintertime have been reported from ESRAD MST (52 MHz) radar (Kirkwood et al., 2002a,b; Kirkwood et al., 2003; Stebel et al., 2004) . These have been termed Polar Mesosphere Winter Echoes (PMWE) in analogy to PMSE. PMWE are generally weaker than PMSE but they are seen over a wider range of altitudes, from 50-80 km. VHF radar echoes from the winter mesosphere were first reported from the Poker Flat radar in Alaska by Balsley et al. (1983) and it was proposed that they could be caused by turbulence produced by breaking gravity waves. ESRAD observations have allowed more details of PMWE morphology to be determined. PMWE are seen only when ionisation at mesospheric heights is enhanced due to solar proton events or to high-energy electron precipitation from the magnetosphere, and when the ratio of free electrons to negative ions is expected to be reasonably large (i.e. only during daylight below 70 km altitude). In considering whether PMWE can be explained by neutral turbulence alone, it is necessary to take into account the fact that when significant numbers of negative ions are present, as they generally are below 70-75 km altitude, electron diffusivity is substantially enhanced (Hill, 1978) . This reduces the radar signal strength which can be expected to result from turbulence alone. Stebel et al. (2004) have shown that the radar reflectivities for winter conditions from turbulence theory (assuming maximum likely turbulence levels) are 1-2 orders of magnitude less than those measured in PMWE by the ESRAD radar. Kirkwood et al. (2003) have further shown that wind, density and temperature profiles from meteorological rockets traversing PMWE heights do not see (at those heights) the kind of conditions which are expected to lead to turbulence. Stebel et al. (2004) also showed that anomalous lidar backscatter from the same height as PMWE could reasonably be interpreted in terms of an aerosol-particle layer. This leads to the suggestion that layers of charged aerosol particles could be associated with PMWE in a similar way to PMSE. However, in the case of PMWE there is no clear candidate for such aerosol-particles. The winter mesosphere is too warm for ice-particles to form and the other expected source of particles, meteor ablation (Hunten et al., 1981) , is not expected to give particles of sufficient size or number to be detectable by, for example, lidar. Collis et al. (1992) were the first to report enhanced backscatter from mesospheric heights during a wintertime solar-proton event from the EISCAT VHF radar (224 MHz). Collis et al. (1992) assumed that the backscatter was due to turbulence and used the backscatter strength to calculate turbulent energy dissipation rates. The rates they derived were much higher than were later found to be usual by a large number of sounding rocket measurements (Lübken et al., 1993) . Collis et al. (1992) also did not take into account the likely presence of negative ions -if they had done this, their turbulent energy estimates would have been even higher. Kirkwood et al. (2002b) presented the first observations of PMWE detected simultaneously by both the ESRAD and EISCAT VHF radars, during a solar proton event on 4 November 1997. Both radars saw signals from the same height, however, the EISCAT radar signal was detectable during only a few minutes, a much shorter time than the ESRAD signal.
Here we present observations of PMWE with both ESRAD and the EISCAT VHF radar during the major solar proton event on 30 October 2003. We discuss the morphology of the layers and their relation to the background wind field. We compare electron densities measured with the EISCAT radar during this period to those modelled using an ion-chemistry model of the lower ionosphere. Finally, with the help of the model, we estimate the maximum radar reflectivity which might be expected due to turbulence alone and compare this with measurements by both radars.
The enhanced electron densities produced in the mesosphere as a result of the solar proton event, with only slow variations over a period of many hours, are necessary to make this region "visible" to the radars. No matter what underlying structure may be present in the neutral atmosphere at mesospheric heights, it will not have caused measureable scatter of the VHF radio waves used by the radars unless it is coupled to structures in electron density. This means that the majority of PMWE observations reported from the relatively low-sensitivity ESRAD radar have been made during solar proton events, which are the occasions when the electron density at the relevant heights is most enhanced. However, PMWE have been observed outside solar proton events, both by more sensitive MST radars previously operational at Poker Flat, Alaska (Balsley et al., 1983) and Andøya, Norway (Czechowsky et al., 1989) , and on a few occasions by ESRAD as well (e.g. Kirkwood et al., 2003) . On those occasions, high-energy electron precipitation from within the magnetosphere was the most likely cause of enhanced electron densities. Further, it should be noted that the ESRAD radar has also operated during a major solar proton event during the summer of July, without any detectable scattering layers other than those normally seen throughout the summer months between 75 and 95 km altitudes (Barabash et al., 2004) . These considerations lead us to believe that the primary cause of PMWE lies in the background neutral atmosphere, and not in the nature of the agent causing the enhanced electron density. So in this paper we focus on the possible role of the neutral background atmosphere.
Observations
Strong solar proton events (SPE) produced by powerful solar flares took place on 28-30 October 2003. Energetic solar protons arriving at high latitudes caused substantial ionisation at mesospheric heights (50-90 km altitude). The ESRAD MST radar located at Esrange, Sweden, 67.9 • N, 21.1 • E (Chilson et al., 1999) was running two experimental modes -one with 600-m height resolution (8-bit complementary code) and one with 300-m height resolution (16-bit complementary code). The results in this paper are based on the 600-m observations which were made on alternate minutes, with the radar beam directed vertically. On 29 October at 08:00 UT the EISCAT VHF radar located near Tromsø, Norway, at 69.6 • N, 19.2 • E , started to run the "arc dlayer" experiment, specially designed for the lower ionosphere at ranges from 60 km to 126.6 km, with a range resolution of 300 m. In order to measure at heights below 60 km the radar beam was tilted towards the north and most daytime observations were made at 60 • elevation. (For further technical details of the EISCAT radar and the particular measurement mode, see http://www.eiscat.com.) PMWE were seen by both EISCAT and ESRAD on both 29 and 30 October, however, the EISCAT PMWE were short-lived on 29 October, so here we focus on the observations on 30 October. The upper two panels in Fig. 1 show range-corrected backscattered power from the ESRAD and EISCAT radar measurements for 30 October. The ESRAD observations are plotted in units of volume scatter, whereas for EISCAT power is plotted in units of equivalent electron density, which includes both the true electron density and additional scatter due to PMWE. The normal electron density is enhanced due to energetic proton (and electron) precipitation. This electron density enhancement covers all heights, varying smoothly with height at any time. There is a strong variation of the electron density below 80 km between night and day. For example, the atmosphere at 70 km height is sunlit from about 06:00 UT until about 14:00 UT, with rather high electron densities. When the atmosphere at this height is not sunlit, electrons become attached to form negative ions and the density of free electrons falls. PMWE is seen as a narrow layer descending from 70 km at dawn to 63 km at about 13:00 UT on 30 October. For ease of comparison, contour lines are superimposed on the uppermost colour plot to indicate the time/height regions where PMWE were detected by the EISCAT radar.
The lowermost panel of Fig. 1 shows the Doppler shift of the radar returns detected by the EISCAT VHF radar, again with superimposed contour lines to show when/where PMWE were detected. The Doppler shift has been calculated from the phase of the complex autocorrelation of the received signal at a lag of 2.7 ms (with 60 s integration), and is here expressed as the speed at which the scatterers are approaching (positive) or receding from the radar (negative). The maximum Doppler shift which can be resolved by this method without aliasing is 185 Hz, corresponding to a speed of 124 m/s. This is well in excess of any expected scatterer travel speed in the direction of the radar beam, so we expect no aliasing. The observed scatterer travel speeds can be interpreted as the component of the neutral wind which is directed along the radar beam. Assuming that the wind is primarily horizontal, the beam-aligned component corresponds to half of the meridional wind speed (the beam is directed at an elevation of 60 • above horizontal).
Discussion

Large-scale morphology of PMWE layers and wind field
Enhanced mesospheric echoes were seen at about the same times and at similar heights with both the EISCAT VHF and ESRAD. The observations are made at locations which are about 220 km apart and correspond to different Bragg wavelengths, 0.67 m and 2.9 m, respectively. The question arises as to whether the radars observed the same layers or not. We will discuss the similarities and differences between the layers based on their morphology. The layers seen by the two radars are morphologically rather alike, occurring at approximately the same height ranges and lasting for similar amounts of time. A very distinct layer starts at ∼70 km altitude at dawn (06:00 UT) in both radars and descends to ∼63 km, where it disappears at about 12:30 UT (Fig. 1) . During this interval wave-like disturbances in height can be identified in the echoes from both radars. However, the layer seen by ESRAD is slightly (0.5-1 km) below that seen by EISCAT. The latter is also narrower in height than the former. A more exact comparison of the layer's appearance at dawn shows that the PMWE were detected by ESRAD starting at 05:55 UT, while the time of PMWE onset for the EISCAT is 06:25 UT. With ESRAD a new PMWE layer appears at about 68 km at 12:00 UT, and persists until ∼15:00 UT. There is a weak signature of similar PMWE at slightly higher altitude in EISCAT at the same time.
The atmospheric wind patterns shown in the lowermost panel in Fig. 1 show clear signatures of inertio-gravity waves with phases descending at about 0.6 km/h (marked by the dashed lines below 65 km). The layer of enhanced radar echo closely follows one of the wave minima, i.e. where the wind is receding from the radar, for most of the time. The main layer seen by ESRAD also descends at the same rate. Since we measure only one component of the wind field (the component along the radar beam), we cannot directly determine all of the wave parameters. However, some wave parameters can be directly estimated from Fig. 1 : a vertical wavelength of about 4.5-5 km , an apparent period of 7-9 h and an amplitude of the wave component of about 20 ms −1 , which translates to an amplitude in meridional wind of 40 ms −1 . In order to determine whether the wind shear associated with this wave might produce turbulence which could explain the PMWE, we need to consider how much greater the wave amplitude might be in some other direction. This is relatively straightforward for an inertio-gravity wave since the wind vector rotates with height, tracing an ellipse where the ratio of the major and minor axes depends on the intrinsic period of the wave. The intrinsic wave period will differ from the apparent period (which we can estimate directly from Fig. 1 ) due to the effect of background winds, through the relation 2π/T app =(2π/T in )+k.U , where T app and T in are the apparent and intrinsic periods, respectively, k is the wave vector and U is the (vector) background wind. For the discussion which follows, in particular to be able to estimate the maximum possible wind fluctuations associated with the wave in the direction perpendicular to our observations, it is important to consider whether the apparent period is likely to be less than or greater than the intrinsic period. To do this we must examine whether the wave is propagating in the direction of, or against the prevailing wind.
To estimate the direction of propagation of the inertiogravity wave, we make use of the perturbations in the phasedescent rate which can be seen between 65 and 75 km altitudes, most clearly between 06:00 and 10:00 UT. These are most likely due to changes in the background wind due to interference with other waves. One particularly large wave with a period of about 4 h can be seen at heights just above the PMWE layer. In Fig. 1, above 70 km altitude, the positions of wind maxima in this wave are shown. The meridional component is visible directly in the radar observations, as indicated by the dashed lines. The zonal component is inferred as lying one-quarter of a wavelength shifted from the meridional component (dotted lines). The directions of the zonal maxima are inferred on the basis that this is most likely to be an upward propagating wave, in which case the wind vector rotates clockwise with increasing height (e.g. Andrews et al., 1987) . The phase-descent of the minimum in the inertio-gravity wave which is associated with the PMWE is fastest between 06:00 and 8:30 UT, and is close to zero or slightly upward between 8:30 and 10:00 UT. At the same time, the wind direction in the interfering wave rotates from eastward, through southward, to westward. The shortest apparent period (i.e. the fastest phase-descent speed) is associated with the eastward interfering wind, indicating that the inertio-gravity wave is propagating eastward. Since the background wind at the relevant heights in the mesosphere at this time of year is the eastward prevailing wind, this implies that k.U is positive and the apparent period we observe at heights just below the PMWE layer, where the perturbations due to other waves seem to be small, is likely to be a lower limit to the intrinsic period.
A minimum horizontal wavelength of at least 450-500 km then follows from the relation ω 2 =[f 2 +N 2 (k 2 /m 2 )], where ω is the wave angular frequency, f the Coriolis parameter, N 2 the square of the buoyancy frequency (typically 3×10 −4 s −2 in the mesosphere), k and m the horizontal and vertical wave numbers, respectively (e.g. Andrews et al., 1987) . As mentioned earlier, the horizontal wind vector in an inertio-gravity wave is expected to rotate with height, tracing an ellipse. According to wave polarisation relations, the ellipse axial ratio is |v |/|u |=fω −1 , where |u | and |v | are the amplitudes of the wind perturbation components parallel and perpendicular to the direction of the wave group velocity. Theory requires that ω>f , so |u |>|v | and the maximum wind is in the group propagation direction. The maximum windshears associated with the wave will then occur when the wind shear maximises in the direction of propagation -for an eastward propagating wave this would occur one-quarter of a wavelength shifted from the maximum wind shear seen in the direction of our observations (N). So there is good reason to suspect that the PMWE layer in this case follows a maximum wind-shear in the zonal wind. However, we do not need to know the exact direction of propagation in order to find the maximum possible wind shear in the wave. The amplitude of the wave component in Fig. 1 (lowermost  panel) is about 20 ms −1 , which translates to an amplitude in meridional wind of 40 ms −1 . This value must lie somewhere between |u | and |v |, i.e. |u |≥40 ms −1 ≥ |v | . Using the minimum wave period as discussed above, we find that 0.6<|v |/|u |<1. So the maximum amplitude of the wind disturbance associated with the wave in any direction is 70 m s −1 .
The main layer seen by ESRAD on 30 October follows a similar slow descent to the layer seen 220 km further north at EISCAT. It seems reasonable to assume that it follows the same phase location in the inertio-gravity wave, with the difference in heights at the two sites corresponding to an upward tilt of the phase front towards the north. The small height difference of 0.1-0.2 times the vertical wavelength of the wave indicates that propagation is not entirely eastward, but has at least a small northward component.
Small-scale waves on 30 October
The wave patterns seen by both radars have also been analysed in more detail. Power spectra of the times of maxima in signal intensity have been taken and compared to each other. The spectra have several peaks of about the same amplitude, meaning that they are caused by several interfering waves rather than a single wave. Spectral peaks are found at about 30 min, 40 min, 60 min-75 min for both radars, plus at 12 and 20 min for the EISCAT radar (Fig. 2) . Such periods are typical for gravity waves observed in the mesosphere (such as those seen with ESRAD also during summer, Dalin et al., 2004) . Thus, the radars probably have seen waves of the same origin. The lowest wave period observed (12 min) allows us to determine an upper limit for the buoyancy period, or equivalently a lower limit for the buoyancy frequency as N 2 >7.6×10 −5 s −2 .
By taking into account all similarities in morphology and the wave patterns in the layers seen by both radars we can conclude that they likely represent the same phenomenon. The horizontal extent on 30 October was then at least 220 km in the N-S direction. The systematic differences in echo height between the radars can be explained as an association of the PMWE with an inertio-gravity wave travelling towards E-NE. The slight difference in onset time at dawn on 30 October may simply be spatial variability, but it might also be due to different sensitivities of radar echo power to the proportion of negative ions, at the different Bragg wavelengths.
Origin of echoes: turbulent or not
The likely spatial correlation between the main layer on 30 October and windshear in an inertio-gravity wave qualitatively suggests a role for turbulence. From our observations of the wind shear in the north-south direction, and the calculated maximum/minimum axial-ratio for the wind vector in the wave (see above), we find that the maximum wind shear associated with the inertio-gravity wave is du/dz=5×10 −2 s −1 . It is usually considered that turbulence will occur if the Richardson number, N 2 /du/dz) 2 , is less than 0.25. This corresponds to N 2 <2-6×10 −4 s −2 . From the gravity wave spectrum we know only that N 2 >7.6×10 −5 s −2 , while typical values for the mesosphere are around 3×10 −4 s −2 , so it seems that turbulence is likely. We can further estimate the turbulent energy dissipation rate ε from ε=K m (du/dz) 2 , where K m is the diffusion coefficient for turbulent momentum transfer (Lübken et al., 1993) . The most direct information on K m for the appropriate heights is from measurements using a large number of sounding rockets published by Lübken et al. (1993) . A value close to 5 m 2 s −1 was found to be representative, which gives a maximum energy dissipation rate of 12.5 mW/kg, corresponding to du/dz=5×10 −2 s −1 .
We calculate the theoretical radar reflectivity from neutral turbulence with this energy dissipation rate, assuming only molecular ions and electrons in the ionospheric plasma, using the method described in Stebel et al. (2004) . Radar reflectivity is very sensitive to electron density, to vertical electron density gradient and to the ratio of negative-ions to electrons. In particular, the last of these quantities cannot be obtained directly from observations. In order to estimate this ratio we have used an ion-chemistry model for the lower ionosphere, together with calculations of ionospheric ionisation rate caused by solar proton fluxes (Kirkwood and Osepian, 1995) . Proton fluxes have been obtained from the GOES satellites (http://www.ngdc.noaa.gov/stp/GOES/ goes.html). The results of the modelling for 30 October are compared with experimental electron densities derived from the EISCAT measurements in Fig. 3 . EISCAT electron densities are from the backscatter power, as shown in Fig. 1 , but with the PMWE removed by smooth interpolation between values above and below the PMWE. The calibration of the EISCAT data has also been checked by comparing 30-MHz cosmic noise absorption calculated from the EISCAT electron density profiles with direct observations of absorption by the riometer at Abisko (68.4 • N, 18.8 • E, http://www.sgo.fi/Data/Riometer/riometer.php). The calibration is found to be correct to within the ∼10% precision of this method.
Both in the EISCAT measurements and in the model results, one can clearly see a strong increase in electron density at dawn (around 06:00 UT) and a decrease at dusk (around 15:00 UT) due to detachment/attachment of electrons forming negative ions at night. High levels of incoming energetic protons ionize the atmosphere between 55 km and 85 km altitudes throughout the periods shown. The modelled densities show somewhat lower values below about 63 km than experimental electron densities. The reason for this might be imperfection in fitting of the high-energy tail of the proton spectra which are used for calculation of ionisation in the model. However, in general, the model electron densities show a very good agreement with the measured ones, particularly in the dawn/dusk transition periods, implying that the modelled negative ion densities must also be close to correct.
We used modelled negative ion densities, MSIS90E neutral densities and temperatures (Hedin, 1991) , observed electron densities and an assumed turbulent energy dissipation rate of 12.5 mW/kg for calculation of radar reflectivities expected from layers of neutral turbulence. This, and the method of calculation of observed volume reflectivity from ESRAD and EISCAT, are described in more detail in Stebel et al. (2004) . In general, the "observed" reflectivities are likely to be underestimated (we assume filling of the scatter volume and, for ESRAD, no antenna losses), and theoretical turbulent values are the upper limits of those consistent with our wind-shear observations, and in practice among the highest of those observed in sounding-rocket campaigns (Lübken et al., 1993) . The results of the calculations are presented in Fig. 4 . The effect of negative ions on the expected radar scatter can be seen in the relatively low values of the theoretical curves at 05:55 UT and 06:25 UT, compared to later in the day. The observations also show increasing echo strengths between these dawn examples, however later observed radar echo strengths for both radars are consistently 2-3 orders of magnitude higher than the theoretical predictions. Turbulent energy dissipation rates of about 1 W/kg would be needed to obtain the observed strength of echoes of both radars, which seems unrealistic in relation to the observed wind shear. It might be argued that interference from small-scale gravity waves could increase the wind shear at times. However, the long persistence of the PMWE with strong echoes present without a break, throughout perturbations of the layer by several gravity waves, suggests that this explanation is not sufficient and that the energy for producing any turbulence must come from the main inertio-gravity wave. If the value of K m reported by Lübken et al. (1993) is truly representative, the wind shear would have to be increased by a factor of 9 to cause turbulent energy dissipation of 1 W/kg, implying physically impossible wind amplitudes in the wave, in excess of the speed of sound.
The discrepancy between turbulence theory and observations for PMWE seems to be very similar to that which arose in interpreting PMSE, before charged aerosol particles were introduced (see, e.g. Cho et al., 1992) . Kirkwood et al. (2002a) suggested that layers of dust particles may be present in the case of PMWE, as has been proposed for PMSE. Comparison of earlier ESRAD layers with results from other instruments, such as lidar and sounding rockets, gave additional arguments in favour of dust/smoke particles (Kirkwood et al., 2002b; Stebel et al., 2004) . In the case reported here, the presence of charged aerosols could act to extend the spectrum of turbulent fluctuations due to a reasonable level of turbulence so that shorter scale-sizes would be maintained longer in the plasma. The presence of charged aerosol particles would also allow plasma-fluctuations to persist continuously while neutral turbulence is more likely to be intermittent (Rapp et al., 2003) . However, the origin of such particles at 50-70 km altitude under winter conditions is still open to speculation -the relatively high temperatures and low concentration of water vapour would not allow iceparticles to form. Dust/smoke from meteoroid ablation are expected to be present (Hunten, 1981) , and the concentration and size at PMWE heights are predicted to be a few times 10 9 m −3 and a few nm, respectively. According to Rapp and Lübken (2001) , aerosol particles of this size can be expected to each capture a single electron. Since the background electron density is about an order of magnitude larger than the expected aerosol-particle density, and the size of most of the aerosol particles is expected to be only a few nm, any electron density irregularities would be expected to disperse rapidly (Rapp and Lübken, 2004) .
Conclusions
We have observed PMWE simultaneously with the EISCAT VHF and ESRAD radars. After considering the morphology of the layers and their relation to observed atmospheric waves, we conclude that the radars have likely seen the same phenomenon and that the most long-lasting layer is likely associated with wind shear in an inertio-gravity wave. We have employed an ion-chemistry model to calculate parameters necessary to relate wind-shear induced turbulence to radar backscatter. The accuracy of the model has been verified by comparison with electron densities measured by the EISCAT radar. We find that observed radar signal strengths are 2-3 order of magnitude stronger than the maximum which can be expected from neutral turbulence alone, even when we use the highest estimate of the level of turbulence, and the lowest estimate of the buoyancy frequency, which are consistent with the wind-shear and gravity wave observations. One possible explanation for this discrepancy is that previously published results relating wind shear to turbulence and turbulence to radar signal scatter are substantially in error. A second possibility is that some additional or alternative mechanism may be involved in producing PMWE, such as layers of charged dust/smoke particles.
